In this opinion piece, some specific challenges in the field of peptide self-assembly and gel formation are discussed. One major hurdle to finding functional small peptides is that there are a huge number of compounds to explore, which increases exponentially with the peptide size. This in itself creates a barrier to the discovery and application of materials, both through the difficulty of finding the peptides, and because protecting inventions also becomes more difficult. Recent work has shown that computer simulations may provide us a route to explore such a huge compound space; this is discussed along with the prospect for future developments. At the microscopic scale, many fibril-forming peptides form gels, apparently through a process of lateral association of primary self-assembled filaments, which leads to a relatively coarse-grained structure of rigid interconnects. However, recent data obtained on Fmoc-tyrosine gels appear to indicate that the gel microstructure is both more flexible and finer grained than previously believed. As such, it is clear that there is a considerable amount that is still not understood regarding this class of gel.
Self-assembly of small peptide amphiphiles, the structures formed and their applications. In this opinion piece, some specific challenges in the field of peptide self-assembly and gel formation are discussed. One major hurdle to finding functional small peptides is that there are a huge number of compounds to explore, which increases exponentially with the peptide size. This in itself creates a barrier to the discovery and application of materials, both through the difficulty of finding the peptides, and because protecting inventions also becomes more difficult. Recent work has shown that computer simulations may provide us a route to explore such a huge compound space; this is discussed along with the prospect for future developments. At the microscopic scale, many fibril-forming peptides form gels, apparently through a process of lateral association of primary self-assembled filaments, which leads to a relatively coarse-grained structure of rigid interconnects. However, recent data obtained on Fmoc-tyrosine gels appear to indicate that the gel microstructure is both more flexible and finer grained than previously believed. As such, it is clear that there is a considerable amount that is still not understood regarding this class of gel.
This article is part of the themed issue 'Soft interfacial materials: from fundamentals to formulation'.
Fibril formation and gelation of functionalized peptides
A great deal of literature has been devoted to structure formation in 'functionalized' peptides, i.e. short peptides with a functional group attached. In particular, the formation of hydrogels formed from such materials has been investigated in considerable detail, especially those where the functional group is planar aromatic, as recently reviewed [5, 6] . While these materials may or may not hold promise for future applications (it is perhaps more desirable that the hydrogelators are formed purely from peptides), they are very useful as model systems for exploring structureproperty relationships. Such models are required, because one of the major challenges in studying self-assembled peptides in general, and peptide hydrogelators in particular, is that a vast formulation space exists for molecules larger than tripeptides. Eight thousand exist for proteinencoded tripeptides alone, which are the smallest peptides where there is much likelihood of gels being formed. Conveniently, however, the Fmoc group (which is commonly used as a protecting group in peptide synthesis) encourages the formation of fibrils and gels when attached to the N-terminus, so that many dipeptides and even some Fmoc-amino acids will form relatively stable gels. This greatly simplifies the study of the influence of peptide structure on fibril formation, and when combined with the commercial availability of Fmoc-amino acids and simple synthesis of Fmoc-dipeptides makes for an attractive and versatile model system for study. Figure 1 . Generic structure of Fmoc-dipeptide. In the acid form, the molecules tend to self-assemble to form fibrils and gels, whereas in the sodium form, they are soluble. The gelation is triggered by the addition of GdL.
interesting to note that as of 2014 [6] , it appears that the entirety of the Fmoc-dipeptide library (400 compounds) has yet to be assessed for their fibril formation and gelation properties. Against this background, Adams et al. [7] decided to limit the scan of the gelation behaviour to non-polar amino acids with the aim of determining the influence of hydrophobicity on fibril formation and gelation. Part of this study was a more detailed rheological examination of the gel properties, the aim being to ascertain whether it was possible to use hydrophobicity to predict gelation properties in a more detailed fashion than simply the presence or absence of gelation. This study explored the gelation of Fmoc-dipeptides that occurs when the pH of a solution of the compound is reduced sufficiently. The generic structure of the Fmoc-dipeptides explored is shown in figure 1 . Many of the compounds are soluble in water in their sodium salt form, but on reduction of pH and conversion to their acid form, they will self-assemble and form gels. The pH transition was achieved by the addition of glucono-δ-lactone (GdL) that hydrolyses slowly in water to produce gluconic acid and so reduces the pH in a controllable and uniform manner. This approach allowed the production of uniform and reproducible gels, as well as allowing the evolution of the gel structure with time to be investigated [8] .
It was found that stable gels were formed over a finite range of hydrophobicity as measured by log P [7] . Compounds such as Fmoc-GG which had low values of log P were found to separate or show extensive syneresis. Those with too high values of log P were either insoluble or formed gels under all pH conditions (referred to as uncontrolled gelation). Between these two bounds of log P, all the compounds investigated formed stable gels; however, there seemed to be no specific correlation between gel properties and log P.
More recently, the Adams group at Liverpool University have conducted a broader investigation of the gelation behaviour of functionalized peptides [9] where several alternatives to the Fmoc group were explored and found to form gels; however, the library of dipeptides was not expanded beyond non-polar amino acids.
The problems associated with finding functional peptides
From an industrial application point of view, it is obviously desirable that any new compounds developed be as acceptable as possible in terms of reduced environmental impact and consumer opinion. As such, it is desirable that we have candidates that are composed of amino acids alone, rather than being functionalized with groups such as Fmoc. This also provides benefits in terms of being able to produce materials through biotechnological routes rather than synthesis, and in terms of disposal and pollution. However, 'pure' peptides that are known to form fibrils and gels are relatively few in number (compared with the total), and almost always have three or more amino acids in them (with one exception, Ile-Phe [10] ). This creates an enormous sequence space to explore, 8000 for tripeptides alone, which both inhibits the discovery of new fibril formers, and makes protection of applications from a commercial point of view more difficult (it is difficult to protect a discovery when there may be a number of other similar compounds as yet undiscovered).
One approach to address this problem is to discover design rules for peptides that will narrow the search for functional peptides. To this end, Prybytak et al. [11] investigated the self-assembly of highly simplified coarse-grained models for peptides. The work showed that even objects as simple as oblate ellipsoids could associate in solution to form fibrils with chiral structures [11] . In this instance, both the particles and the interactions were axisymmetric, whereby the particle edges had a favourable interaction with solvent, but faces did not.
While being a very interesting result, the work of Prybytak et al. [11] did not move us significantly closer to being able to predict the molecular structure of fibril-forming peptides. However, recently, a more direct approach has been taken by the Ulijn group at Strathclyde, where coarse-grained molecular dynamics was used in order to simulate the aggregation propensity of all 8000 tripeptides, and from this attempt to predict those that might form gels [12] . The simulation approaches employed did not allow prediction of fibril formation, owing to the time scales employed and possibly also to the use of coarse-grained potentials for the molecules in order to accelerate the simulations. Rather, the tripeptides were ranked in order of aggregation propensity, which narrowed the search for fibril-forming peptides. Final candidates were selected though a process of focusing on more hydrophilic peptides that showed an aggregation propensity, and the derivation of design rules from the simulation data and literature observations. The authors reported four new fibril-forming peptides that were also hydrogelators.
At first sight, it appears that this approach could lead to a significant acceleration of the discovery of new functional peptides. Fibril formation, surface activity and other useful phenomena are all, in principle, predictable through computer simulation techniques, given sufficient computing resources. The approach does not require particularly large simulations to be conducted, rather, success is primarily limited by the ability to simulate long time scales, which is something of a challenge for today's parallel supercomputers. However, it seems clear that the relentless advances in computing power, combined with advances in algorithms for the simulation of structure formation (such as parallel tempering and coarse graining), which allow the probing of ever greater time scales, will lead to the discovery of new functional peptides. In principle, it would also allow industry to scan the entire peptide sequence space for a particular functionality and so ensure that they could reliably protect any invention or discovery made based on this type of technology.
Such a rosy picture of the future of the field is predicated on current rates of development in computing continuing unabated for some time to come (more than 20 years). However, it is interesting to contemplate how likely it is that such a future will come to pass, and whether or not there may be fundamental barriers to the future development of computing that might place limits on this scenario. One such limit has been known since the time of Turing, although it was formally stated by Landauer [13] . Landauer's principle states that certain classes of logical operation require a minimum amount energy which is equivalent to kT.ln (2) . This type of logical operation is termed irreversible, and is the basis of all computers in current existence. This principle has long been accepted as fact, but was only recently demonstrated experimentally [14] . Much literature has been devoted to how computing devices might be constructed that do not generate heat to the same degree as current machines; however, it is not clear that such devices can be realized in practice.
Thus, it is interesting to consider what this limit means in terms of current architectures. This question was addressed by DeBenedictis [15] , who estimated that a supercomputer consuming approximately 2 MW of power would at best have a performance of 25 exaflops (equivalent to approx. 10 13 flops W −1 ); currently the most efficient computer on the Green500 list can achieve approximately 10 10 flops W −1 . If we take into account that currently published simulation results were probably produced on somewhat older hardware, then it seems reasonable to assume that simulations can only increase in scale by a factor of the order of 10 4 . Such constraints mean that scans of peptides much larger than three to four amino acids, which are sufficiently long and detailed to predict structure formation, may be impractical. The above discussion is intended as an example only; the Landauer limit is only one of a number of fundamental limits on our ability to construct faster computers. As such, it may be that Landauer's limit cannot actually be approached because of some other limitation not discussed here. If such a prediction seems rather pessimistic, it should be noted that this argument is based on assuming that computer architectures do not change significantly in terms of the number of irreversible logical operations required to carry out a floating point operation. This may well not be the case, and there is a very great deal of research being conducted into using reversible logic or quantum computing that should, in principle, lead to significant benefits in terms of computing efficiency. However, at present, none of these approaches have been shown to be implementable in practical applications.
In conclusion, it appears that simulations could hold out the promise of being able to find functional peptides that would find practical applications in HPC products and even in foods applications, but that significant advances in computer technology would be required to achieve this in practice. It is quite possible, however, that such advances may not be achievable in practice, and within this context, it is important that effort be devoted to more efficient experimental approaches, for example high throughput or combinatorial techniques.
Gels formed from
Leaving aside the questions surrounding actually finding functional peptides, Fmoc-dipeptides and Fmoc-amino acids still prove to be very interesting molecules in terms of providing models for the investigation of gelation mechanisms and gel microstructure. Of particular interest are two Fmoc-amino acids, Fmoc-phenylalanine (FmocF) and Fmoc-tyrosine (FmocY). As is apparent from figure 2 , the structures of these two molecules differ only by the presence of a hydroxyl group on Fmoc-tyrosine; however, they display remarkably different behaviours. In the following, I discuss the contrasting behaviour of the gels formed by these two molecules, and attempts that have been made to elucidate the origins of the observed behaviour. Finally, I discuss some remaining open questions surrounding the microstructure of the gels. These molecules were first identified as fibril formers and hydrogelators by Yang et al. [16] (for FmocY) and Sutton et al. [17] (for FmocF), who also investigated the diffusion of a range of dyes in the gels formed by both FmocY and FmocF. Sutton et al. [17] studied gels formed under different conditions. In both cases, gelation was triggered using the hydrolysis of GdL, but different levels of GdL were used for the two gelators. Both gels were formed at gelator concentrations of 25 mM, but the FmocF gels contained 6 mM GdL, whereas the FmocY gels contained 18 mM GdL. The diffusion coefficients of a series of dyes with a range of molecular weights were measured in these two gels. Their findings are reproduced in figure 3a, which shows sharply contrasting behaviour for the two gelators: for FmocF the diffusion coefficient is largely independent of molecular weight, whereas for the FmocY gels, molecules larger than 1 kDa do not diffuse out of the gel.
This behaviour was interpreted in terms of the differing nature of the two gels. Rheological results and electron microscopy [17] (reproduced in figure 3b) suggest that under the studied conditions the FmocF gel exists as an entangled network of semi-flexible chains, and that the diffusion of the dye molecules is governed by the dynamics of the entangled network, rather than by the size of the dye molecules. On the other hand, the FmocY gels are much more rigid, and cryo scanning electron microscopy (cryo-SEM) imaging suggests the presence of a network of apparently rigid interconnects composed of bundles of laterally associated fibrils. The idea of the gel being composed of a network of rigid interconnects is also suggest by the brittle nature of the gel, as demonstrated by rheological studies which show the gel fails at a strain of approximately 1%. It was concluded that the network would be more permanent in nature leading to entrapment of molecules too large to diffuse through the network structure [17] .
While this mechanism seems, at first sight, to be reasonable, there is an unexplained contradiction in the result. The dye diffusion measurements imply that the cut-off size for diffusion (in terms of dye molecule radius) in the FmocY gels is of the order of 3 nm, which is far smaller than the length scales seen in the cryo-SEM images of the gels (figure 3c). In order to investigate this discrepancy, microrheology studies of the same gels were conducted using both particle tracking [19] [20] [21] 
Microrheology of Fmoc-tyrosine gels
Microrheology of the type under discussion (also called passive microrheology) involves measuring the time-dependent diffusion of tracer particles in the gel. This is done by determining the mean-squared displacement (MSD) of the particles at a range of time scales. In particletracking microrheology, the particle positions are measured over time typically using an optical microscope, and translated into MSDs directly. For dynamic light scattering (DLS) microrheology, the field autocorrelation function can be used to calculate the MSD directly, with some caveats as discussed in Schätzel et al. [22] , Oppong et al. [23] and Frith et al. [18] . Both techniques offer advantages and disadvantages, with particle tracking being better able to tolerate slight opacity in the sample, and more suitable for longer time scales. On the other hand, DLS-based approaches are better suited to measurement of short time scales, and can be used with a broad range of particle sizes quite easily. It is worth noting that, in order to follow the development of the gel properties as a function of time, the measurement time scale must be significantly shorter than the time scale of changes in the gel properties. Fortunately, this is the case for these materials where gelation takes a number of hours, but the DLS measurements take only 30 s. Figure 4 . Example of the mean-squared displacements (MSDs) of 1010 nm probe particles measured using dynamic light scattering in a 10 mM FmocY gel with 10 mM GdL added. The different MSDs are taken at a series of waiting times after the addition of the GdL. At early times, the sample displays Newtonian viscous behaviour, whereas at longer waiting times, the sample shows gel-like properties with a plateau in the MSD at longer times. Reproduced with permission from [18] .
The time-dependent MSD is related directly to the rheology of the medium; for purely viscous materials, the MSD is proportional to time, whereas viscoelastic materials are characterized by an MSD with a power law in time of less than one and are usually time-dependent, as illustrated in figure 4 . The MSD can be transformed to storage and loss shear moduli (G and G") straightforwardly as discussed below; however, the values obtained will normally be significantly smaller than those obtained from bulk measurements. This is because viscoelastic materials typically comprise macromolecular solutions or gels and possess microstructures that are of the same length scales as the probe particle, so that what is measured is some combination of the properties of the bulk material and the solvent, in this case water.
The DLS method, in particular, allows the study of a wide range of probe particle sizes, and results from those with diameters of 120, 520 and 1010 nm were employed to probe the length scales of the microstructure in the FmocY gels [18] . An example of the MSDs obtained for DLS microrheology is shown in figure 4 , which shows the development of the MSD in an FmocY gel as it forms after addition of GdL. For these experiments, a 10 mM solution of FmocY was used and 10 mM GdL was added. A number of features can be noted that allow the study of probe particle size dependence: initially, the slope of the MSD on the log-log plot is 1, indicating a purely viscous response, after a delay period the MSD decreases, although retaining the slope of 1, then the slope decreases from 1, indicating the onset of viscoelastic behaviour, and finally the MSD displays a downward curve, and a plateau at high frequencies that implies entrapment of the gel particles in the forming network.
Frith et al.
[18] characterized this behaviour in three ways. The onset of structure formation, given by the MSD at 1 ms (reproduced in figure 5a ) demonstrates that probe size-dependent behaviour is seen even at the earliest stages of gelation. The plateau MSD (shown in figure 5b) demonstrates that all particles are trapped in the developing network, as might be expected from the dye diffusion data of Sutton et al. [17] . Both these results demonstrate the presence of microstructures on the length scales of the particles; also, figure 5a shows that such structures form at very early times. This behaviour appears to rule out the possibility that early-stage selfassembly occurs in a uniform manner akin to micellization. In such a scenario, one might expect all molecules to participate in structure formation from an early stage, leading to many small aggregates that grow with time. In such a scenario, the initial aggregation process would lead to an increase in viscosity that is seen equally by different probe particle sizes, because the initial length scales would be much smaller than even the smallest particles used in the study. Figure 5a clearly demonstrates that this is not occurring. Rather, it appears that the fibrillar network begins to form from a few nuclei that grow rapidly into larger structures, which leads to probe size dependence at early times. All of this seems in accord with much of the prior work on both these gels [17] and other materials [24] [25] [26] [27] [28] [29] ; however, this is apparently not the case for the high-frequency behaviour of these gels, as discussed below.
An additional feature of the MSDs that can provide information regarding the nature of the network in a gel is the high-frequency viscoelastic response of the material, in particular, the frequency dependence of the elastic moduli at high frequencies. This is a region of frequency that is not normally accessible in bulk rheological methods, or using particle-tracking methods (unless a high-speed camera is used), but which is readily accessible using scatteringbased microrheological methods. Figure 6 (inset) illustrates schematically the viscoelastic region in question, which is usually reached at frequencies greater than approximately 1 kHz, corresponding to MSDs obtained at time scales less than 1 ms. The MSDs obtained can be converted to elastic moduli following the approach of Mason [30] whereby
where
Here, |G(ω)| is the complex modulus, ω is the frequency, r 2 (τ ) is the MSD at delay time τ , k B is the Boltzmann constant and T is the absolute temperature. The logarithmic slopes of the complex modulus for a developing FmocY gel, as a function of time after addition of the GdL, were determined over the frequency range 10 3 -10 4 rad s −1 [18] and are reproduced in figure 6 for three probe particle sizes. It is clear from this figure that the response is highly dependent on probe particle size, in common with all of the other measurements discussed here. At early times, all of the slopes shown in figure 6 are close to 1, which is to be expected, because, at this point, the particles are suspended in a uniform viscous medium. At later times, however, the slopes decrease, to a degree that depends on probe particle size, and in the case of the 1 µm particles falls to approximately 0.65. This value is compatible with the prediction for the behaviour of a network of flexible Zimm chains [31] and is significantly lower than that expected for a network of semi-flexible chains (0.75) which has previously been observed for biopolymers such as actin [24] and pectin [25] . As with the dye diffusion results of Sutton et al. [17] , there is an apparent contradiction between this result and the microstructure observed by cryo-SEM (figure 3c) which implies both a coarse length scale and a rather rigid network structure, instead of the apparently flexible dynamics implied by figure 6 [18]. The apparent rigidity of the network interconnects is also implied by the brittleness of these gels, which as noted above tend to fail at strains of the order of 1%. The particle size dependence of all of the microrheological data also implies a gel whose structure has length scales of the order of micrometres, rather than nanometres, which also seems to preclude the presence of a network of flexible chains and so contradict the evidence of figure 6. One possible explanation for this contradictory behaviour is that the gels are comprised of a microstructure that possesses length scales ranging from the molecular up to micrometres; however, there is currently no direct evidence to support this idea. It is clear then that there is a considerable amount that is yet to be understood concerning the microstructure of these gels in particular, and of supramolecular hydrogels in general. As such, the field would merit a great deal more study in the author's opinion.
Conclusion
In this opinion piece, I have attempted to highlight questions in two somewhat disparate areas of self-assembly and the understanding of supramolecular hydrogels.
In general terms of the development of useful functional peptides, that might be of interest to the HPC or foods industries, major challenges are faced in terms of discovering new peptides when such a huge number of compounds exists even for small peptides (i.e. tri and tetra). Recent computer simulation studies appear to show promise of a breakthrough in our being able to discover such materials and may be a cause for optimism of future developments. However, a consideration of likely future developments in computer architectures (based on fundamental limitations on the energy required to do computation) seems to show that progress in predicting self-assembly of peptides relies on the development of radically new computer architectures, such as those based on reversible logic or quantum approaches.
On a more prosaic level, the microstructure of the gels formed by this type of molecule remains something of a mystery. Cryo-SEM appears to show clearly a rather coarse network of apparently rigid interconnects that are hypothesized to arise from lateral association of the primary fibrils formed by the self-assembly process. This appears to be corroborated by the probe particle size dependence seen in microrheology experiments that suggest the presence of micrometre-scale microstructure and by bulk rheology. In contrast, the diffusion behaviour of dyes indicates a cut-off size of approximately 3 nm, far smaller than suggested above, and the high-frequency microrheological response appears to suggest a network of flexible chains, also apparently in contradiction to the idea of a coarse network structure with relatively rigid interconnects.
In conclusion, these materials offer significant challenges and opportunities for future study, both in terms of large-scale development, and understanding of the materials at the microscopic level, that will require significant effort to address.
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